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Abstract

Dorsolateral prefrontal cortex (DLPFC) is thought to organize items in working memory and this organizational
role may also influence long-term memory. To causally test this hypothesized role of DLPFC in long-term
memory formation, we used theta-burst noninvasive stimulation (TBS) to modulate DLPFC involvement in a
memory task that assessed the influence of active short-term retrieval on later memory. Human subjects
viewed three objects on a grid and then either actively retrieved or passively restudied one object’s location
after a brief delay. Long-term memory for the other objects was assessed after a delay to evaluate the
beneficial role of active short-term retrieval on subsequent memory for the entire set of object-locations. We
found that DLPFC TBS had no significant effects on short-term memory. In contrast, DLPFC TBS impaired
long-term memory selectively in the active-retrieval condition, but not in the passive-restudy condition. These
findings are consistent with the hypothesized contribution of DLPFC to the organizational processes operative
during active short-term retrieval that influence long-term memory, although other regions that were not
stimulated could provide similar contributions. Notably, active-retrieval and passive-restudy conditions were
intermixed, and therefore nonspecific influences of stimulation were well controlled. These results suggest that
DLPFC is causally involved in organizing event information during active retrieval to support coherent long-
term memory formation.
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Significance Statement

Although dorsolateral prefrontal cortex (DLPFC) has been implicated in short-term working memory
organization, its long-term memory contributions have not been established. Building on fMRI findings, we
tested the role of DLPFC in organizing event information during memory formation to support long-term
episodic memory. Our task involved both active-retrieval and passive-restudy encoding conditions, which
varied the extent to which event elements were organized around select information. Modulation of DLPFC via
theta burst noninvasive stimulation (TBS) selectively altered long-term memory formation in the active-retrieval
condition, but not the passive-restudy condition. These results pinpoint the role of DLPFC in organizing event
information to form coherent long-term memories and demonstrate that TBS can be used to disentangle
cognitive processes that contribute to long-term memory.
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Introduction

The hippocampus is essential for binding the various elements that comprise events to form long-term memory
representations (Bunsey & Eichenbaum, 1996; Eichenbaum & Cohen, 2001; Giovanello, Schnyer, & Verfaellie,
2009; Konkel, Warren, Duff, Tranel, & Cohen, 2008). However, much is unknown regarding how event
information is structured into coherently organized memory representations (Bridge, et al., 2017; Bridge &
Voss, 2015). The prefrontal cortex could contribute to memory organization, as it interacts with the
hippocampus during long-term memory encoding and retrieval (Blumenfeld, Parks, Yonelinas, & Ranganath,
2011; Blumenfeld & Ranganath, 2006; Hannula & Ranganath, 2009; Murray & Ranganath, 2007; Voss,
Gonsalves, Federmeier, Tranel, & Cohen, 2011). The lateral and frontopolar aspects of prefrontal cortex have
been implicated in the organization of information in working memory and in the allocation of attention to goal-
relevant event features (D'Esposito & Postle, 2015; D'Esposito, Postle, Ballard, & Lease, 1999; Postle, Berger,
& D'Esposito, 1999; Postle, et al., 2006). Prefrontal selection processes could therefore serve to structure
event information so that it is bound by the hippocampus in an organized way, enabling the formation of
coherent memory representations (Blumenfeld, et al., 2011; Blumenfeld & Ranganath, 2006).

Previous studies have shown that active short-term memory retrieval of one element from a multi-element
event causes subsequent long-term memories to become organized around the retrieved element (Bridge, et
al., 2017; Bridge & Voss, 2015). In those studies, retrieved elements later served as superior retrieval cues for
other event elements, indicating the memory was coherently structured around the retrieved elements.
Furthermore, this beneficial effect of short-term retrieval on coherent memory formation was associated with
interactivity between the hippocampus and a frontoparietal set of regions that included the dorsolateral
prefrontal cortex (DLPFC) as measured via fMRI (Bridge, et al., 2017). In the current study, we used theta-
burst transcranial magnetic stimulation (TBS) to test the role of DLPFC in memory organization, using a
modification of the memory paradigm that previously identified prefrontal-hippocampal interactions relevant for
long-term memory organization (Bridge, et al., 2017).

Other studies have used TBS to test the role of prefrontal cortex in long-term memory (e.g., (Blumenfeld, Lee,
& D'Esposito, 2014; Lee, Blumenfeld, & D'Esposito, 2013; Ryals, Rogers, Gross, Polnaszek, & Voss, 2015)).
However, those studies have focused on general memory constructs (i.e., overall accuracy and response
confidence) without specifically testing the role of DLPFC in long-term memory organization. In previous
studies on working memory, transcranial magnetic stimulation of the prefrontal cortex has modulated its
interaction with posterior cortical regions responsible for perceptual representation, thereby modulating
working-memory accuracy (Lorenc, Lee, Chen, & D'Esposito, 2015; Zanto, Rubens, Thangavel, & Gazzaley,
2011). Likewise for long-term memory, prefrontal stimulation has been shown to alter interactions with the
hippocampus in relation to task performance (Bilek, et al., 2013). Although fMRI studies have been used to
identify the intersection between organizational processes during working-memory and subsequent long-term
memory representations in the DLPFC and hippocampus (Blumenfeld, et al., 2011; Blumenfeld & Ranganath,
2006; Bridge, et al., 2017; Murray & Ranganath, 2007), no study has tested the causal role of DLPFC in this
process using noninvasive stimulation.

The current study followed previous research on the role of DLPFC organizational and selection processes that
contribute to long-term memory (Bridge, et al., 2017; Bridge & Voss, 2015), but with modifications to
accommodate TBS. In those previous experiments, subjects studied many events each comprised of three
objects at specific locations. Following a brief delay after each event, subjects either selected an object and
retrieved its location (active retrieval) or moved an object to its location indicated by a visual cue (passive
restudy). During delayed memory testing, subjects were given one object as a reminder cue and memory for
one of the non-manipulated objects was tested. The major behavioral finding in those studies was that subjects
recalled the non-manipulated object locations more accurately when the actively retrieved objects served as
the reminder cue, compared to when the passively moved objects served as the reminder cue. Thus, objects
that subjects selected for active short-term retrieval became strongly bound to the rest of the objects within an
event, and therefore served as strong reminder cues for the entire event episode. Furthermore, fMRI findings
indicated that the active manipulation condition involved interactions between the DLPFC and the
hippocampus that were not seen in the passive manipulation condition and that were related to later long-term
memory (Bridge, et al., 2017). These results indicate that active retrieval as measured by this experiment
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design has an organizational influence on memory content, with the long-term memory content coherently
organized around the actively retrieved content. Further, this process is associated with DLPFC-hippocampus
interactions during active retrieval.

The current experiment follows the general logic of these previous experiments (Bridge, et al., 2017; Bridge &
Voss, 2015), but with TBS used to influence DLPFC function. A between-group design was used, whereby
each subject completed versions of the aforementioned memory task on two separate days. One group
received sham (near-zero intensity) TBS prior to task performance on both days (Sham group) and the other
group received sham TBS prior to task performance on the first day then active (full-intensity) TBS prior to task
performance on the second day (Stim group). This allowed us to compare each subject’s performance
following active or sham TBS to their performance at the sham-intensity baseline session. Based on the
considerations reviewed above, particularly the previous evidence that DLPFC-hippocampal interactions are
relevant for the effects of active retrieval on subsequent long-term memory (Bridge, et al., 2017), we
hypothesized that TBS of the DLPFC would disproportionately affect memory for objects in the active-retrieval
condition. The experiment design permitted assessment of TBS effects on both short-term memory and long-
term memory, such that the role of DLPFC in the long-term memory organization process could be more
precisely specified.

Materials and Methods

Subjects

Data were collected from 30 healthy adults (18 women; ages 18-38 years). Subjects were randomly assigned
in equal numbers to the Sham group and the Stim group. Two subjects, one from each group, were excluded
from all analysis. One subject was excluded due to poor performance on the short-term spatial memory task at
the first session (performance fell >2 standard deviations below the mean: M=0.27) and the second subject
was excluded due to poor performance on the associative recognition test at the first session (M=0.41), leaving
n=14 per group for the final analyses (Sham: 7 female, mean age = 25.1 years; Stim: 9 female, mean age =
28.1 years). No subjects reported neurological or psychiatric disorders or the current use of psychotropic
drugs. All subjects were deemed eligible for MRI and TMS procedures based on standard safety screenings
(Rossi et al., 2009) overseen by a board-certified neurologist (S.V.). All subjects gave written consent and were
remunerated for their participation. The study was approved by the Institutional Review Board.

Design Overview

Subjects completed two memory testing sessions with an ~48-hour interval between sessions (41- 55 hours).
Subjects were randomly assigned to either the Stim or Sham condition. Session 1 was identical across subject
groups and served as a baseline for session 2 performance. At session 1, all subjects received sham-intensity
TBS, which was set to 20% of the subject’s motor threshold (see below). TBS took approximately 40 s.
Immediately following stimulation (within 5 minutes), subjects began the memory task, including 3 study-test
blocks. Testing was completed within 60 minutes of stimulation (within the generally accepted after-effect
period for TBS; Gentner et al., 2008). Session 2 was identical to session 1, but with different stimulation
intensity for the Stim group. Subjects in the Sham condition received the same stimulation protocol as during
session 1, whereas subjects in the Stim group received TBS at 80% motor threshold. Following stimulation,
subjects completed the same memory task as on the first session but with a different set of stimuli.

MRI

Structural MRI scans were acquired prior to the first session to provide subject-specific anatomical guidance
for TMS. Structural MRI scans were obtained using a Siemens 3T TIM Trio whole-body scanner with a 32-
channel head coil (MPRAGE T1-weighted scans, TR = 2400 ms, TE 3.16 ms, voxel size = 1mm3, FOV = 25.6
cm, flip angle 8 degrees, 176 sagittal slices). MRI data were processed using AFNI (Cox, 1996). Structural MRI
data were transformed into stereotactic space using the Montreal Neurological Institute (MNI-305) template.
(Evans, et al., 1993) and the transformation matrix was stored to allow conversion between original and
standardized spaces. The stimulation target was marked at MNI coordinate (+28, -1, +68) based on fMRI
results from (Bridge, et al., 2017). This stimulation target was the posterior aspect of the superior frontal gyrus.
This area showed increased activity at the group level immediately following active retrieval relative to passive
re-exposure while subjects restudied the objects in their locations, and was therefore associated with active
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retrieval within the same experimental design as used here (Figure 1). The normalized structural image with
the target marked was then transformed back into original MRI space for localization during TBS. TBS was
thus delivered to the same MNI coordinate in all subjects despite individual differences in neuroanatomy.

™S

TMS was delivered under stereotactic guidance using a Nexstim eXimia NBS 4.3 with a 70-mm figure-eight
coil (Nexstim Ltd., Finland). Passive motor threshold was determined as the minimum intensity required for
single TMS pulses of the M1 thumb area to produce contraction of the abductor pollicis brevis of at least 50mV
for 6/10 consecutive trials, as measured by surface EMG (Rossini, et al., 1994).

TBS involved 3 biphasic pulses at 50Hz delivered every 200 ms (5 Hz) for 40 s, yielding 600 total biphasic
pulses. Sham-intensity TBS was delivered at 20% of motor threshold (M = 7.1% maximum stimulator output).
Active TBS for the Stim condition was delivered at 80% of motor threshold (M = 30.6% maximum stimulator
output). For ten subjects (2 Stim, 8 Sham) who had motor thresholds for which 80% would have exceeded the
maximum intensity of the Nexstim system for the theta-burst protocol, the maximum stimulation intensity for the
system was applied for Stim (M=38% maximum stimulator output, equivalent to M=64.8% of motor threshold
for these subjects). For sham, 20% of the maximum stimulation intensity was used (M=7.6% maximum
stimulator output, equivalent to M = 16.84% of motor threshold for these subjects). Subjects received a test
pulse prior to TBS, and were given the option to discontinue stimulation at any point if they found it aversive.

Although a potential concern with the sham TBS control condition is that lower intensity cannot produce the
same sensations experienced with full-intensity TBS (Jung, Bungert, Bowtell, & Jackson, 2016), it is important
to note that hypotheses concerned effects of TBS on active-retrieval versus passive-restudy trials, which were
intermixed. It is unlikely that any nonspecific physical sensations caused by full-intensity TBS would selectively
influence performance for these trials. Testing was automated and performed after TBS administration was
complete, and subjects were unaware of condition-specific hypotheses.

Memory Task

Two sets of 240 object images were used, for a total of 480 unique object images. One set comprised images
of real-life objects (Brodeur, Dionne-Dostie, Montreuil, & Lepage, 2010) and the other set comprised color
drawings of objects (Rossion & Pourtois, 2004). Each block contained unique objects, all from the same object
set. Each object was encapsulated by a white box with dimensions 3.71x3.71 cm. Most of the screen was
occupied by a green rectangular grid composed of 18 individual spaces separated by thick, black lines.
Additional gray space at the bottom of the screen was reserved for the object recognition and spatial recall
tests. Each object could appear in the center of any of the 18 grid spaces. The grid dimensions were 34.65 cm
x 13.61 cm. The screen resolution was 1280x720 pixels on an LCD monitor, with a refresh rate of 60 Hz.

Subjects completed three study-test blocks. Each study block consisted of 10 Active trials, 10 Passive trials,
and 4 catch trials, administered in intermixed, randomized order. During each Active and Passive trial, subjects
studied three objects in unique locations on a grid (Figure 1). After a brief distractor, one object was subjected
to an Active or Passive manipulation (i.e., active retrieval versus passive restudy), in which all three objects
appeared at the bottom of the grid, and subjects selected one object and move it to its associated location. The
Active and Passive study trials were randomly intermixed during the Study phase of each block. Immediately
following the manipulation, subjects restudied the objects in their associated locations. Following a block of 24
study trials, subjects completed the long-term memory test. One object from each study trial trio served as a
reminder cue. Subjects selected the object associated with the reminder cue (out of two options) and then
recalled its associated location.

Subjects initially studied the three object-locations for 4000 ms. This was followed by a brief distractor task,
during which subjects viewed two kaleidoscope images consecutively and had to decide whether the images
were identical or different. After the distractor task, one object was subjected to an Active or Passive
manipulation. In the Active condition, subjects chose one object and recalled its associated grid location (active
retrieval). This served as the short-term spatial memory test. If the object was placed in an incorrect location, it
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immediately moved to its correct location. In the Passive condition, subjects moved the preselected object to
its location on the grid indicated by a visual cue (passive restudy). The preselected object was highlighted by a
thick red outline, and its associated location on the grid was indicated by a red box. Following the manipulation,
subjects restudied all three objects in their correct locations for 4000 ms. A 1000-ms inter-trial interval occurred
between each study trial.

In addition to the Active and Passive trials, 4 randomly distributed catch trials occurred during the Study Phase.
The catch trials served to encourage subjects to view all objects during the initial study period. On catch trials,
subjects were required to recall one randomly selected object’s location after the initial study period. Subjects
then received immediate feedback on their recall accuracy. Catch trials were not subsequently tested or
analyzed.

Following each study block, subjects viewed pictures of cats during a 60-s delay. Subjects then completed the
test phase. The test phase included 20 trials (catch trials were not included in the test phase). For each object
trio from the study phase, one object (either manipulated or non-manipulated) appeared in its location on the
grid, serving as a reminder cue for one of the associated objects from the same set. Manipulated objects were
reminder cues on half of the trials and non-manipulated objects were reminder cues on the other half of the
trials. Subjects were given two familiar object choices below the grid and were prompted to select the object
that had been studied with the cue (Associative Recognition test), and then recall its associated location on the
grid (Long-Term Spatial Memory test). Each object choice appeared on two separate test trials: once as the
correct object choice associated with the cue, and once as a lure. Importantly, the tested objects were always
non-manipulated objects.

Results

Short-Term Spatial Memory

During the Active retrieval study manipulation, subjects selected one object and recalled its associated location
shortly after initially studying the objects. We measured short-term spatial memory at each session as the
proportion of trials in which subjects placed the object its correct location during the Active retrieval study
manipulation (Figure 2A). The groups did not differ in Session 1 accuracy [Sham: M=0.84, SE=0.04; Stim:
M=0.80, SE=0.03; £#26)=0.53, p=0.60]. To examine effects of stimulation on short-term spatial recall, we
subtracted the Session 1 baseline accuracy from Session 2 accuracy for each group and compared this
change in performance between groups. We conducted a one-way t test for each group to determine if short-
term recall performance changed significantly across testing sessions. Performance in the Sham group tended
to improve across sessions £(13)=1.97, p=0.07, whereas performance did not change across sessions for the
Stim group (£(13)=0.66, p=0.52. A two-way t test comparing the change in performance across groups
indicated no differences across groups #26)=1.13, p=0.27. These results suggest that DLPFC stimulation
produced no significant changes in the accuracy of short-term memory retrieval, despite a numerical trend for
reducing a weak practice effect across sessions that was evident in the Sham group in the absence of
stimulation.

Long-term Associative Recognition Memory

We measured associative recognition accuracy by calculating the proportion of trials in which subjects selected
the correct object associated with the reminder cue during the delayed memory test (Figure 2B). For this
analysis, we only considered trials in which the manipulated object was correctly placed in its original location
during the study phase. Active [Sham: M=0.78, SE=0.03; Stim: M=0.83, SE=0.04; #(26)=0.89, p=0.38] and
passive [Sham: M=0.80, SE=0.05; Stim: M=0.77, SE=0.05; #(26)=0.49, p=0.63] scores did not differ among
groups at baseline during Session 1. We computed the change in associative recognition accuracy due to
stimulation by subtracting Session 1 performance from Session 2 performance for each group and for each
condition. We conducted a two-way mixed ANOVA with stimulation condition (Stim vs. Sham) as the between-
subjects factor and study condition (Active vs. Passive) as the within-subjects factor. This revealed a significant
effect of stimulation [F(1,26)=5.15, p=0.03]. However, this main effect was qualified by an interaction of
stimulation and study conditions [F(1,26)=7.37, p=0.01]. In the Active condition, the change in associative
recognition accuracy was significantly less following Stim compared to Sham stimulation [#(26)=3.47, p=0.002].
However, changes in associative recognition performance in the Passive condition did not vary for the Stim
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and Sham conditions [{(26)=0.21, p=0.84]. These results indicate that DLPFC TBS selectively impaired long-
term associative recognition for those trials that involved active retrieval during encoding.

We conducted follow-up one-way t tests to determine if performance significantly changed across sessions for
each group and study condition. For the Active condition, associative recognition accuracy significantly
improved across sessions for the Sham group [t(13)=3.99, p=0.002], whereas DLPFC stimulation blocked this
memory improvement in the Stim group [{(13)=0.75, p=0.46]. These results were in stark contrast to the
Passive condition, in which both the Sham group [#(13)=1.89, p=0.08] and the Stim group tended to improve
across sessions [{(13)=2.11, p=0.05]. These results show that DLPFC stimulation selectively impaired long-
term memory performance for sets of objects that were encoded with the active retrieval manipulation. These
results provide support for the hypothesis that 1) active retrieval promotes organization of event information to
support coherent long-term memories and 2) DLPFC contributes to the active retrieval organization process.

Long-Term Spatial Recall

Immediately after subjects selected the associated object during the delayed memory test, they were prompted
to place the selected object in its original location (Figure 2C). We quantified long-term spatial memory
accuracy as the proportion of trials in which subjects placed the associated object in its correct location.

We conducted a two-way mixed ANOVA with Stimulation Condition (Stim vs. Sham) as the between-subjects
factor and Study Condition (Active vs. Passive) as the within-subjects factor. The main effect of stimulation
condition was significant [F(1,26)=4.77, p=0.04]; however, the interaction of Stimulation condition and study
condition was not significant [F(1,26)=1.34, p=0.26]. Importantly, baseline long-term spatial recall scores at
Session 1 did not differ across stimulation groups for the Active condition [Sham: M=0.52, SE=0.05; Stim:
M=0.51, SE=0.06; {#(26)=0.05, p=0.96] nor for the Passive condition [Sham: M=0.56, SE=0.04; Stim: M=0.55,
SE=0.06; #26)=0.21, p=0.83].

Given our hypothesis that DLPFC stimulation should selectively alter performance in the Active condition, we
conducted a priori t tests to determine if the same pattern we observed for associative recognition accuracy
was present for long-term spatial recall. Consistent with our hypothesis, long-term spatial recall accuracy was
significantly worse following Stim compared to Sham stimulation [{(26)=2.38, p=0.02]. However, DLPFC
stimulation did not significantly alter long-term spatial recall performance in the Passive condition [{(26)=1.27,
p=0.21].

We conducted follow-up one-way t tests to determine if long-term spatial memory performance significantly
changed across sessions for each group and study condition. For the Active condition, long-term spatial recall
significantly improved across sessions for the Sham group [{(13)=2.95, p=0.01], whereas performance did not
change across sessions for the Stim group [£(13)=0.54, p=0.60]. On the other hand, for the Passive condition,
neither the Sham group [{(13)=1.09, p=0.30] nor the Stim group [£(13)=0.68, p=0.51] showed improvements in
long-term spatial recall across sessions. These results suggest that the Active retrieval manipulation during
study enabled subjects to improve long-term spatial memory performance across sessions, whereas the
Passive condition did not enable any such improvement, perhaps because subjects were able to implement a
more effective retrieval-induced organizational strategy after practicing the task at Session 1 in the Sham
group. Furthermore, these results provide more support for the hypothesis that DLPFC is selectively and
causally involved in effectively organizing event information to support the formation of coherent long-term
memory representations.

Discussion

Previous studies have shown that active retrieval of select information during learning promotes the formation
of coherent memory representations by causing event information to become organized around the retrieved
content. Furthermore, an fMRI study showed that DLPFC is involved in this retrieval-induced organizational
process (Bridge, et al., 2017). Here, we tested whether DLPFC plays a critical role in organizing relational
elements to support long-term memory formation. To do this, we applied theta-burst stimulation to the DLPFC
of subjects prior to completing a memory task that involved both active-retrieval and passive-restudy learning
conditions. Despite no significant effects on short-term retrieval accuracy, TBS had robust effects on long-term
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associative recognition memory and spatial recall in the active-retrieval condition, but not in the passive-
restudy condition. Importantly, we focused only on those trials for which short-term recall was accurate, and so
effects on long-term memory were not likely secondary to effects on short-term memory (coupled with the fact
that effects on short-term memory were not significant). Thus, DLPFC stimulation did not merely disrupt long-
term relational memory, but it disrupted the beneficial effects of short-term active retrieval on long-term
memory formation. We hypothesize that DLPFC stimulation impaired the organizational processes that are
typically engaged following active retrieval. As a consequence, memory of the entire episode was disrupted in
the active condition. On the other hand, because these organizational processes are not actively engaged
following passive restudy, memory performance remained intact following stimulation for this condition. Our
within-subjects manipulation of study condition (active/passive) thus yielded high specificity regarding the
influence of stimulation on DLPFC contributions to long-term memory.

Even though substantial research has shown that DLPFC is causally involved in working memory organization,
no studies have shown that it is necessary for organizational processes that promote coherent long-term
memory formation. It is interesting that the effects of stimulation were minimal on short-term spatial recall, even
though DLPFC significantly modulated long-term memory for events encoded within this active retrieval study
condition. We hypothesize that the DLPFC contribution to long-term memory organization occurred
immediately following active retrieval, during the ensuing restudy period. Indeed, these results are consistent
with fMRI results showing enhanced DLPFC activity following active retrieval, but not during retrieval (Bridge,
et al., 2017). During the restudy interval, we have shown that active retrieval influences the pattern of
exploratory eye movements subjects engage in, and that these strategic eye movement patterns contribute to
long-term memory. Specifically, following active retrieval, subjects divert their attention away from the retrieved
element and focus attention on the other non-retrieved elements. This pattern of exploratory eye movements
promoted long-term memory and involved coordination between hippocampus and DLPFC. Future studies
should use eye-movement tracking paired with TMS to determine if DLPFC is causally linked to exploration
during learning.

There have been some inconsistent findings regarding the influence of TBS on memory function. Whereas
some studies have shown that TBS applied to the prefrontal cortex disrupts long-term memory (Blumenfeld, et
al., 2014), others have shown TBS prefrontal stimulation enhances long-term memory in some conditions
(Blumenfeld, et al., 2014; Lee, et al., 2013; Ryals, et al., 2015). These studies stimulated different prefrontal
locations and measured effects using different task formats, which may have contributed to divergent results.
Indeed, TBS stimulation effects vary considerably across studies using different stimulation locations and
cognitive measures (Demeter, 2016). Likewise, TBS effects on prefrontal cortex are likely complex and poorly
understood. It is unlikely that TBS influenced only the stimulation location of DLPFC, given that noninvasive
stimulation is generally thought to influence activity within distributed networks (Fox, Buckner, White, Greicius,
& Pascual-Leone, 2012), and prefrontal TBS has been shown to influence widespread prefrontal connectivity
(Gratton, Lee, Nomura, & D'Esposito, 2013). It is possible that the functional network including DLPFC and
hippocampus was influenced by stimulation, as studies have shown that this network is critical for the effects of
the active-retrieval condition on memory organization using a variant of the current paradigm (Bridge, et al.,
2017), and previous studies have shown that prefrontal TMS can change hippocampal activity during memory-
related processing (Bilek, et al., 2013). Importantly, our results do not show selective involvement of DLPFC in
organizing memories during active learning, as we did not stimulate any other regions. Indeed, based on
previous fMRI findings (Bridge, et al., 2017), portions of the parietal cortex may work together with DLPFC to
support memory organization. However, we do show that DLPFC is involved specifically in the active retrieval
learning condition and not the passive restudy learning condition, demonstrating that it is crucially involved in
organizational processes during learning that support long-term memory.

In conclusion, the findings suggest that DLPFC TBS causally influences the organizational processes occurring
during active retrieval that structure long-term memory. These results support the previously established role of
DLPFC in organizing event information. The study shows that TBS can be successfully employed to
investigate the DLPFC contributions to complex memory functions, and lays a solid foundation for future
studies looking at the role of DLPFC in creating coherent episodic memories.



10

1diiasnueAl p21d220y 04naN2



o —

d MUSCIs

e

o))/l

LeC

0

=

LC

eure A

N

=

409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462

References

Bilek, E., Schafer, A., Ochs, E., Esslinger, C., Zangl, M., Plichta, M. M., Braun, U., Kirsch, P., Schulze, T. G.,
Rietschel, M., Meyer-Lindenberg, A., & Tost, H. (2013). Application of high-frequency repetitive
transcranial magnetic stimulation to the DLPFC alters human prefrontal-hippocampal functional
interaction. J Neurosci, 33, 7050-7056.

Blumenfeld, R. S., Lee, T. G., & D'Esposito, M. (2014). The effects of lateral prefrontal transcranial magnetic
stimulation on item memory encoding. Neuropsychologia, 53, 197-202.

Blumenfeld, R. S., Parks, C. M., Yonelinas, A. P., & Ranganath, C. (2011). Putting the pieces together: the role
of dorsolateral prefrontal cortex in relational memory encoding. J Cogn Neurosci, 23, 257-265.

Blumenfeld, R. S., & Ranganath, C. (2006). Dorsolateral prefrontal cortex promotes long-term memory
formation through its role in working memory organization. J Neurosci, 26, 916-925.

Bridge, D. J., Cohen, N. J., & Voss, J. L. (2017). Distinct Hippocampal versus Frontoparietal Network
Contributions to Retrieval and Memory-guided Exploration. J Cogn Neurosci, 29, 1324-1338.

Bridge, D. J., & Voss, J. L. (2015). Binding among select episodic elements is altered via active short-term
retrieval. Learn Mem, 22, 360-363.

Brodeur, M. B., Dionne-Dostie, E., Montreuil, T., & Lepage, M. (2010). The Bank of Standardized Stimuli
(BOSS), a new set of 480 normative photos of objects to be used as visual stimuli in cognitive research.
Plos One, 5, e10773.

Bunsey, M., & Eichenbaum, H. (1996). Conservation of hippocampal memory function in rats and humans.
Nature, 379, 255-257.

Cox, R. W. (1996). AFNI: Software for analysis and visualization of functional magnetic resonance
neuroimages. Computers and Biomedical Research, 29, 162-173.

D'Esposito, M., & Postle, B. R. (2015). The cognitive neuroscience of working memory. Annu Rev Psychol, 66,
115-142.

D'Esposito, M., Postle, B. R., Ballard, D., & Lease, J. (1999). Maintenance versus manipulation of information
held in working memory: an event-related fMRI study. Brain Cogn, 41, 66-86.

Demeter, E. (2016). Enhancing Cognition with Theta Burst Stimulation. Current Behavioral Neuroscience
Reports, 3, 87-94.

Eichenbaum, H., & Cohen, N. J. (2001). From conditioning to conscious recollection: memory systems of the
brain. New York, NY: Oxford University Press.

Evans, A. C., Collins, D. L., Mills, S. R., Brown, E. D., Kelly, R. L., & Peters, T. M. (1993). 3D statistical
neuroanatomical models from 305 MRI volumes. In Nuclear Science Symposium and Medical Imaging
Conference. San Francisco, CA: IEEE.

Fox, M. D., Buckner, R. L., White, M. P., Greicius, M. D., & Pascual-Leone, A. (2012). Efficacy of transcranial
magnetic stimulation targets for depression is related to intrinsic functional connectivity with the
subgenual cingulate. Biol Psychiatry, 72, 595-603.

Giovanello, K. S., Schnyer, D., & Verfaellie, M. (2009). Distinct hippocampal regions make unique contributions
to relational memory. Hippocampus, 19, 111-117.

Gratton, C., Lee, T. G., Nomura, E. M., & D'Esposito, M. (2013). The effect of theta-burst TMS on cognitive
control networks measured with resting state fMRI. Front Syst Neurosci, 7, 124.

Hannula, D. E., & Ranganath, C. (2009). The eyes have it: hippocampal activity predicts expression of memory
in eye movements. Neuron, 63, 592-599.

Jung, J., Bungert, A., Bowtell, R., & Jackson, S. R. (2016). Vertex Stimulation as a Control Site for Transcranial
Magnetic Stimulation: A Concurrent TMS/fMRI Study. Brain Stimul, 9, 58-64.

Konkel, A., Warren, D. E., Duff, M. C., Tranel, D. N., & Cohen, N. J. (2008). Hippocampal amnesia impairs all
manner of relational memory. Front Hum Neurosci, 2, 15.

Lee, T. G., Blumenfeld, R. S., & D'Esposito, M. (2013). Disruption of dorsolateral but not ventrolateral
prefrontal cortex improves unconscious perceptual memories. J Neurosci, 33, 13233-13237.

Lorenc, E. S., Lee, T. G., Chen, A. J., & D'Esposito, M. (2015). The Effect of Disruption of Prefrontal Cortical
Function with Transcranial Magnetic Stimulation on Visual Working Memory. Front Syst Neurosci, 9,
169.

Murray, L. J., & Ranganath, C. (2007). The dorsolateral prefrontal cortex contributes to successful relational
memory encoding. J Neurosci, 27, 5515-5522.

11



]
O
-
O
Vp)
)
-
(O
>
O
)
)
O
()
O
O
<(
O
S
>
(D)
Z
@

Postle, B. R., Berger, J. S., & D'Esposito, M. (1999). Functional neuroanatomical double dissociation of
mnemonic and executive control processes contributing to working memory performance. Proc Natl
Acad Sci U S A, 96, 12959-12964.

Postle, B. R., Ferrarelli, F., Hamidi, M., Feredoes, E., Massimini, M., Peterson, M., Alexander, A., & Tononi, G.
(2006). Repetitive transcranial magnetic stimulation dissociates working memory manipulation from
retention functions in the prefrontal, but not posterior parietal, cortex. J Cogn Neurosci, 18, 1712-1722.

Rossini, P. M., Barker, A. T., Berardelli, A., Caramia, M. D., Caruso, G., Cracco, R. Q., Dimitrijevic, M. R.,
Hallett, M., Katayama, Y., Lucking, C. H., & et al. (1994). Non-invasive electrical and magnetic
stimulation of the brain, spinal cord and roots: basic principles and procedures for routine clinical
application. Report of an IFCN committee. Electroencephalogr Clin Neurophysiol, 91, 79-92.

Rossion, B., & Pourtois, G. (2004). Revisiting Snodgrass and Vanderwart's object pictorial set: the role of
surface detail in basic-level object recognition. Perception, 33, 217-236.

Ryals, A. J., Rogers, L. M., Gross, E. Z., Polnaszek, K. L., & Voss, J. L. (2015). Associative Recognition
Memory Awareness Improved by Theta-Burst Stimulation of Frontopolar Cortex. Cereb Cortex.

Voss, J. L., Gonsalves, B. D., Federmeier, K. D., Tranel, D., & Cohen, N. J. (2011). Hippocampal brain-network
coordination during volitional exploratory behavior enhances learning. Nat Neurosci, 14, 115-120.

Zanto, T. P., Rubens, M. T., Thangavel, A., & Gazzaley, A. (2011). Causal role of the prefrontal cortex in top-
down modulation of visual processing and working memory. Nat Neurosci, 14, 656-661.

12



]
O
-
O
Vp)
)
-
(O
>
O
)
)
O
()
O
O
<(
O
S
>
(D)
Z
@

Figure Captions

Figure 1. Experimental design overview. At each experimental session, subjects received full-intensity TBS
or sham-intensity TBS to an area of right DLPFC identified via an fMRI experiment using similar memory
testing conditions (Bridge, Cohen, & Voss, 2017), as marked in red. Immediately following stimulation, subjects
completed 3 study-test blocks. Active-retrieval and passive-restudy trials were randomly intermixed. For active-
retrieval trials, subjects studied three objects (Initial Study; 4s), then selected one object (~1.8s), and moved it
to its associated location (~1.1s) (Manipulation). These trials were used to assess short-term spatial recall
accuracy. For passive-restudy trials, subjects clicked on the highlighted object (~1.3s) and then dragged the
experiment-determined object to its associated location (~1.2s), indicated by a red box on the grid. Subjects
then continued to view all objects at their associated locations (Restudy; 4s). Following a 60s distractor,
subjects completed delayed memory testing. Subjects attempted to select the object at the bottom of the
screen associated with the reminder cue on the grid, given the presence of a foil from a different trial (~2.2s)
(associative recognition) and then moved the object to its associated location (~1.6s) (long-term spatial recall).

Figure 2. Short-term and long-term episodic memory following DLPFC stimulation. (A) Short-term spatial
memory was not significantly altered due to DLPFC stimulation. (B) Long-term associative recognition memory
was selectively reduced following DLPFC stimulation relative to sham. (C) Long-term spatial recall was also
selectively impaired following DLPFC stimulation relative to Sham. Error bars depict standard error of the
mean. ~p<0.1, **p<0.05, *p<0.01
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